Introduction {#Sec1}
============

The heat shock protein 90 (Hsp90) is an ATP-dependent molecular chaperone that controls protein maturation and folding, in addition to central regulatory functions of the eukaryotic cell^[@CR1]--[@CR3]^. Stringent clients of Hsp90 include 60% of the human kinome and the chaperone is therefore of significant biomedical interest. This 90 kDa, highly conserved, homodimeric enzyme comprises an N-terminal domain (NTD), a middle domain (M-domain), and a C-terminal domain (CTD) (Fig. [1](#Fig1){ref-type="fig"})^[@CR4]^. During its chaperone cycle, Hsp90 undergoes large-scale conformational changes from an open inactive state to a closed active state, which induce association of the M-domains and NTDs^[@CR5],[@CR6]^. The closing exposes important client-binding regions, as shown in recent cryo-EM structures of Hsp90 in complex with co-chaperones and clients^[@CR7],[@CR8]^. The ATP-binding site of Hsp90 is located in the NTD, and it is completed by residues from the M-domain, including an arginine (Arg-380 in yeast Hsp90) that forms contacts with the γ-phosphate of ATP^[@CR9]^. ATP-binding triggers large conformational changes in the global Hsp90 structure, stabilizing the compact closed conformation of the enzyme^[@CR9]^.Fig. 1Structure of the yeast Hsp90 dimer (PDB ID: 2CG9)^[@CR9]^.The N-terminal domains of Hsp90 are shown in blue, the middle domains in red, and the C-terminal domains in green. The inset shows a structure of the active site with a bound ATP molecule obtained from an MD simulation, where Asn-37 undergoes a rotation to form a stronger coordination to the magnesium.

The thermodynamic driving force for this global conformational change originates from the tightly coupled slow ATPase reaction on *\~*0.1--1 min^−1^ timescales^[@CR10]^. Elnatan et al.^[@CR11]^ further showed that ATP hydrolysis in the two protomers is sequential and deterministic in the mitochondrial Hsp90, TRAP1, with different hydrolysis rates for each protomer. After the first hydrolysis step, the Hsp90 dimer was suggested to undergo a flip into a closed asymmetric state, followed by a second hydrolysis event. Site-directed mutagenesis experiments identified several residues involved in the ATPase reaction: Glu-33 of the yeast Hsp90 is important for the ATP-hydrolysis reaction, as the E33A variant is able to bind ATP, but not to hydrolyse it^[@CR10],[@CR12],[@CR13]^. Moreover, the R380A variant has a substantially lowered ATPase activity in comparison with the wild-type (WT) enzyme^[@CR4],[@CR13]^ and N37A prevents Hsp90 from binding ATP due to loss of the catalytically important Mg^2+^ ion (Fig. [1](#Fig1){ref-type="fig"})^[@CR12]^. Furthermore, as for many other ATPases^[@CR14]--[@CR16]^, a water molecule is required for the ATP-hydrolysis reaction^[@CR9]^. However, despite enormous efforts to study Hsp90 by structural, biochemical, biophysical, and computational approaches in the last decades^[@CR17]--[@CR22]^, the specific functions as well as the overall catalytic mechanism and its coupling to the conformational state of Hsp90 still remain unclear.

To probe the energetics, dynamics, and molecular mechanism of the ATP-hydrolysis reaction and its coupling to the conformational changes in Hsp90, we integrate here multi-scale computational simulations with biophysical experiments. We probe the coupling between the conformational dynamics of Hsp90 and its catalytic mechanism using hybrid quantum/classical (QM/MM) free-energy calculations in combination with large-scale atomistic molecular dynamics (MD) simulations. Our mechanistic models are further probed by site-directed mutagenesis experiments in combination with Förster-resonance energy transfer and nuclear magnetic resonance (NMR) spectroscopy, as well as by small-angle X-ray scattering (SAXS) measurements.

Results {#Sec2}
=======

Catalytic mechanism of ATP hydrolysis in Hsp90 {#Sec3}
----------------------------------------------

To study the bond-formation/bond-breaking energetics during catalysis within the active site of Hsp90, we created hybrid QM/MM models, where the electronic structure of the chemically reacting system is computed on-the-fly, based on quantum mechanical density functional theory (DFT), and polarized by a classical force field model of the remaining protein framework. These QM/MM calculations were used to predict a free-energy surface for the ATP-hydrolysis reaction, by dynamically sampling conformational changes within the protein during the chemical transformation (Supplementary Fig. [1](#MOESM1){ref-type="media"}).

Our QM/MM free-energy calculations suggest that the ATP-hydrolysis reaction is initiated by proton transfer between a water molecule, coordinating the ATP γ-phosphate, and Glu-33 (Fig. [2a, b](#Fig2){ref-type="fig"}). This water molecule is not present in the resolved X-ray structures of Hsp90^[@CR9]^, but it originates from the bulk water by spontaneously coordinating between the γ-phosphate and Glu-33 during the atomistic MD simulations. After the water deprotonation reaction, the transient OH^−^ species immediately attacks the γ-phosphate, resulting in the cleavage of the β/γ-phosphate bond. The computed reaction free-energy profiles predict that the proton transfer and phosphate cleavage processes take place semi-concertedly rather than by associative or dissociative reaction steps (Fig. [2c](#Fig2){ref-type="fig"})^[@CR23]^. The calculations also suggest that the transition state comprises a penta-coordinated γ-phosphate, with elongated axial bonds, resembling the transition states found in other ATPases (Fig. [2a](#Fig2){ref-type="fig"})^[@CR24]--[@CR26]^.Fig. 2Energetics and dynamics of ATP hydrolysis in Hsp90.**a** Reactant, transition state (TS), and product structures showing ATP, Mg^2+^ (in green), and the sidechain of Glu-33 (E33), extracted from QM/MM calculations of the ATP-hydrolysis reaction. QM/MM free-energy profiles were calculated with the Arg-32/Glu-33 ion pair closed (black, *r*~R32-E33~ \< 5 Å) and open (blue, *r*~R32-E33~ \> 5 Å, see Fig. [3](#Fig3){ref-type="fig"}), as well as for the R32A mutant (red). **b** The reaction coordinate used for QM/MM calculations is *R* = *r*~4~ − *r*~3~ + *r*~2~ − *r*~1~, a linear combination of distances between Glu-33, the attacking water molecule, and the γ-phosphate of ATP. *r*~2~ -- *r*~1~ is the difference between the bond-breaking (*r*~2~) and bond forming (*r*~1~) distances for the p*r*oton transfer from the water molecule to Glu-33. *r*~4~ -- *r*~3~ is the difference between the bond-breaking (*r*~4~) and bond forming (*r*~3~) distances for the phosphate cleavage^[@CR27],\ [@CR28]^. The reaction coordinate was optimized from reactants (*R* = −2.9 Å) to products (*R* = 2.6 Å). **c** Semi-concerted ATP-hydrolysis mechanism from QM/MM free-energy calculations (red dots) and during reaction path optimization (blue dots), showing the sampled reaction coordinates with the Arg-32/Glu-33 ion pair closed. The transition state (TS) of the reaction path optimization is marked with a black circle.

Interestingly, despite the chemically feasible reaction intermediates, the QM/MM calculations performed on a model of Hsp90 extracted from the experimental X-ray structure, suggest that the free-energy barrier for the hydrolysis reaction is \>30 kcal mol^−1^ (Fig. [2a](#Fig2){ref-type="fig"} black trace, Supplementary Fig. [2](#MOESM1){ref-type="media"}, and Supplementary Table [1](#MOESM1){ref-type="media"}), which implies that the reaction rate is kinetically inaccessible (see Methods). Similar reaction energetics are obtained using different DFT approximations in the quantum chemical calculations, suggesting that the results are robust (Supplementary Table [2](#MOESM1){ref-type="media"}). Endergonic free-energy profiles have also been obtained in other QM/MM studies on phosphate cleavage processes^[@CR27],[@CR28]^, whereas entropic effects are likely to stabilize the product state upon P~i~ dissociation up to ca. 17 kcal mol^−1^ (Supplementary Table [3](#MOESM1){ref-type="media"}), which could be transduced into driving conformational changes in Hsp90. Moreover, the free-energy profile does not show a clear minimum for the product state, indicating that the crystal structure may not represent a hydrolytically fully active state.

To elucidate the molecular basis for this high barrier, we decomposed the energetic contributions of individual residues by switching off their interactions with the active site region during the calculations (Fig. [3a](#Fig3){ref-type="fig"} and Supplementary Fig. [3](#MOESM1){ref-type="media"}). These calculations suggest that the high reaction barrier associated with the proton transfer reaction originates from the low proton affinity of Glu-33, which in turn, results from the stabilizing interaction with the nearby Arg-32, favouring the deprotonated form of the glutamate. Calculations based on DFT models show that the reaction barrier has a coulombic 1/distance--dependence on the Arg-32/Glu-33 sidechain distance, suggesting that the reaction is electrostatically tuned (Fig. [3b](#Fig3){ref-type="fig"} and Supplementary Fig. [4](#MOESM1){ref-type="media"}). The analysis further shows that the Mg^2+^ ion pulls away electron density from the γ-phosphate, lowering the reaction barrier, whereas Arg-380 stabilizes the OH^−^ group attacking the γ-phosphate, as well as the resulting phosphate (HPO~4~^2−^) product (Fig. [3a](#Fig3){ref-type="fig"}, negative curvature for the R380 profile at *R* \< −2.5 Å and *R* \> 1 Å). Arg-380 could thus be central for stabilizing the transient hydroxide species, but is not directly involved in the water deprotonation reaction. These findings are consistent with the kinetically slow but viable R380A mutant^[@CR29]^.Fig. 3Analysis of the catalytic effects in Hsp90.**a** Energy decomposition of the catalytic effects. The figure shows the energy difference relative to the wild-type calculation, obtained by switching off individual residue contributions, with the transition state (TS) region marked in yellow (see also Supplementary Fig. [3](#MOESM1){ref-type="media"}). **b** Reaction barrier for ATP hydrolysis at different Arg-32/Glu-33 distances (see also Supplementary Fig. [4](#MOESM1){ref-type="media"}). The energy barrier is ca. 20 kcal mol^−1^ in the DFT models and thus slightly lower as compared with the QM/MM models with explicit treatment of the protein surroundings. **c** Arg-32/Glu-33 distance from MD simulations of the full-length Hsp90 dimer (in blue and black) and for the monomeric NM-domain model of Hsp90 (in cyan). All Arg-32/Glu-33 distances are measured between the Cζ (Arg-32) and Cδ (Glu-33).

Protein conformational changes modulate catalytic activity {#Sec4}
----------------------------------------------------------

To probe the conformational dynamics linked with the catalytic steps, we performed atomistic MD simulations for 250 ns of both the full-length Hsp90 dimer and a monomeric NM-domain model, as well as 1 μs MD simulations for models comprising only the NTD in different ligand states (Supplementary Figs. [5](#MOESM1){ref-type="media"} and [6](#MOESM1){ref-type="media"}). Interestingly, we observe that Arg-32 undergoes a conformational change in the full-length Hsp90. In these simulations, Arg-32 flips away from Glu-33 and forms transient contacts with a network of charged/polar residues in the M-domain on 50--100 ns timescales (Fig. [3c](#Fig3){ref-type="fig"} and Supplementary Fig. [7](#MOESM1){ref-type="media"}). Opening of the Arg-32/Glu-33 ion pair increases the p*K*~a~ value of Glu-33 by ca. 10 p*K*~a~ units, indicating a strong influence of Arg-32 on the p*K*~a~ of Glu-33 (Supplementary Fig. [8](#MOESM1){ref-type="media"}). Although we do not expect to achieve exhaustive sampling of these transient states, the electrostatic models, nevertheless, also support that the proton affinity of Glu-33 strongly increases upon the ion-pair dissociation, consistently with the QM/MM results (Fig. [2a](#Fig2){ref-type="fig"}). In stark contrast to simulations of the full-length Hsp90, the Arg-32/Glu-33 ion pair remains closed during the MD simulations of our monomeric NM-domain model, built from a high-resolution NTD-dimerized crystal structure (see Methods), suggesting that the dimerization and global conformational state of Hsp90 affects the ion-pair dynamics. However, in simulations of the monomeric NTD, we find that replacing ADP by ATP triggers opening of the Arg-32/Glu-33 ion pair, mimicking the conformational dynamics of this region observed in the full-length Hsp90 (Fig. [4a](#Fig4){ref-type="fig"}). Analysis of the Arg-32/Glu-33 sidechain distance in a selection of Hsp90 crystal structures shows that this ion pair is closed in most of the structures, except in an ATP-bound structure of the NTD, supporting the results from our MD simulations (Supplementary Table [4](#MOESM1){ref-type="media"}). In simulations of the full-length Hsp90, we observe ion-pair opening only in one of the two Hsp90 protomers (Fig. [3c](#Fig3){ref-type="fig"}), but a systematic exploration of the phase space would be required to determine whether the domains truly operate asymmetrically^[@CR11]^. However, to probe the reproducibility of our simulations, we performed 100 ns duplicate MD simulations for the NM-domain and the NTD models. These simulations support similar ion-pair dynamics as observed in the original simulations (Supplementary Fig. [9](#MOESM1){ref-type="media"}).Fig. 4Biophysical characterization of Hsp90.**a** Arg-32/Glu-33 distance from classical atomistic MD simulations, showing that the ion pair is closed in the apo-form (purple) of the Hsp90-NTD and its conformation is sensitive to nucleotide binding (ADP in grey/ATP in blue). **b** ^1^H-^15^N-HSQC spectra of the Hsp90-NTD bound to ADP (grey) and ATP (blue), with close-ups of the resonances corresponding to the Arg-32 amide group (bottom right) and its sidechain Hε-Nε (bottom left), for which the ^1^H traces are also included (apo shown in purple). **c** NOE cross-peak between Arg-32 Hε and Glu-33 Hβ in the apo-NTD, confirming the spatial proximity of the sidechains. **d** Left: chemical shift perturbations (CSPs) of the Hsp90-NTD bound to ADP and ATP. Negative bars represent residues that could not be assigned due to conformational dynamics. Secondary structure elements are shown on the top and altered residues next to Arg-32 are highlighted in red. Right: distribution of CSP on the NTD for ATP/ADP exchange. Amides of residues that are not visible due to conformational dynamics are represented by blue spheres, whereas unassigned residues are shown in cyan. **e** FRET experiments show that closing (left) in Hsp90-R32A (in red and light blue) takes place to a smaller extent in comparison with the wild type (WT, in black and orange). Right: re-opening of the closed dimer takes place faster in Hsp90-R32A (red) than in WT Hsp90 (black). The schematic figure on the top illustrates the experimental procedure. **f** Rates for closing and re-opening of WT Hsp90 and Hsp90-R32A obtained from mono-exponential fitting of the FRET curves shown in **e**. Error bars represent SD from three independent measurements (*n* = 3), shown as black dots. Statistical significance was assessed using a two-sided two-sample *t*-test and a level of significance of 0.01 (\*\*) and 0.001 (\*\*\*). The fit yields a higher closure rate for R32A relative to WT Hsp90. **g** ADP-release assays show that WT Hsp90 and Hsp90-R32A have similar global ATP turnover. Error bars represent SD from three independent measurements (*n* = 3), shown as black dots. Source data are provided as a source data file.

To probe how the ATP-hydrolysis reaction is affected by opening of the Arg-32/Glu-33 ion pair, we re-calculated the reaction energetics for this conformation. Although the ATP-hydrolysis reaction still takes place by a semi-concerted proton transfer and phosphate cleavage process in these models (Supplementary Fig. [10](#MOESM1){ref-type="media"}), the free-energy barrier is reduced to ca. 25 kcal mol^−1^ (Fig. [2a](#Fig2){ref-type="fig"}), consistent with electrostatic tuning of Glu-33. According to transition state theory, this barrier corresponds to a reaction rate in the hours timescales (see Methods). Moreover, substitution of the arginine by an alanine, R32A, mimicking a fully shielded and extended open ion-pair conformation, shows a free-energy barrier of ca. 18 kcal mol^−1^ (Fig. [2a](#Fig2){ref-type="fig"}), corresponding to a reaction rate in the seconds timescales according to transition state theory (*k* = 1.3 s^−1^, see Methods), and is thus comparable to experimentally observed turnover rates of Hsp90 in the \~0.1--1 min^−1^ timescales^[@CR10]^. MD simulations of the full-length R32A suggest that the substitution leads to re-arrangement of ion pairs within the N--M interface (Supplementary Fig. [11](#MOESM1){ref-type="media"}). The R32A variant shows indeed more ion pairs between the two M-domains in comparison with the WT Hsp90, whereas less ion pairs and a weaker interaction energy is observed between the two NTDs of R32A in the MD simulations (Supplementary Fig. [12](#MOESM1){ref-type="media"}). Our findings thus suggest that the conformational changes associated with the contact between the NTD and M-domain strongly modulate the ATP-hydrolysis energetics (see below).

Probing the conformational state of Arg-32 {#Sec5}
------------------------------------------

To gain insight into the conformational changes of Arg-32 in the NTD of Hsp90, we employed NMR spectroscopy in combination with MD simulations in different nucleotide-bound states. Based on the observation that replacing ADP by ATP may trigger opening of the Arg-32/Glu-33 ion pair (Fig. [4a](#Fig4){ref-type="fig"}), we measured ^1^H-^15^N heteronuclear single quantum coherence (HSQC) spectra of the NTD of yeast Hsp90 in the apo*-*form and bound to ADP and ATP. The Nε--Hε proton provides a good reporter for the sidechain of Arg-32, which appears in the apo-NTD as a single intense NMR signal, as expected for a sidechain with restricted mobility (Fig. [4b](#Fig4){ref-type="fig"}, bottom left panel). The presence of a Nuclear Overhauser effect (NOE) cross-peak between Arg-32 Hε and Glu-33 Hβ confirms the spatial proximity of the two sidechains in the apo-form (Fig. [4c](#Fig4){ref-type="fig"}), consistent with our MD simulations of the NTD in the apo state (Fig. [4a](#Fig4){ref-type="fig"}). Structural rigidity of the Arg-32 sidechain is supported by {^1^H}-^15^N steady-state heteronuclear NOE experiments, which are sensitive to fast (ns--ps) dynamics^[@CR30]^. However, a relatively high value of 0.58 ± 0.04 indicates that the Arg-32 sidechain is not flexible, consistent with its interaction with Glu-33.

Interestingly, we find that nucleotide exchange induces significant chemical shift perturbations (CSPs) near the Arg-32 region (Fig. [4b, d](#Fig4){ref-type="fig"}) and in the ATP-lid, which is partially similar to previous results by Zhang et al.^[@CR31]^ for human Hsp90, although the yeast protein studied here has several features that significantly differ from the human isoform. For example, in contrast to yeast Hsp90 (Fig. [4b, c](#Fig4){ref-type="fig"}), the neighbouring residues around the Arg-46 (Arg-32) region could not be assigned in the human Hsp90^[@CR31]^, possibly due to signal broadening originating from dynamics on the micro- to millisecond timescales.

CSP around the Arg-32 residue could reflect a higher population of an open ion-pair conformation in the ATP-bound NTD, as predicted by the MD simulations (Fig. [4a](#Fig4){ref-type="fig"}). This notion is further supported by the sidechain heteronuclear NOE values, which decrease from 0.58 ± 0.09 for the ADP-bound NTD, to 0.48 ± 0.09 for the ATP-bound NTD. In addition, the increased line-width of the Hε signal observed in the ADP- and ATP-bound states (Fig. [4b](#Fig4){ref-type="fig"}) is consistent with dynamics at μs--ms timescales. Breaking the ion pair in the apo state of the NTD-R32A variant causes significant shifts not only in the environment of the mutation point but also at the C-terminal helix α4 and in the ATP lid, emphasizing its role on the structure and conformation of the NTD (Supplementary Fig. [13](#MOESM1){ref-type="media"}).

Effects of the R32A mutation on Hsp90 conformation and function {#Sec6}
---------------------------------------------------------------

To probe further how the computationally identified R32A substitution influences the global conformational structure and dynamics of Hsp90, we employed a FRET system with the NTDs labelled by fluorescent donor and acceptor dyes that induce resonance energy transfer upon closing of the Hsp90 dimer^[@CR6]^. Although our current MD simulations and NMR data capture short- to medium-range conformational changes in the protein structure, FRET and SAXS provide powerful techniques to capture global effects linked with the R32A substitution, providing complementary data about the Hsp90 structure and function.

Our FRET experiments on the full-length Hsp90 show that the R32A substitution strongly inhibits the closing of the dimer (Fig. [4e](#Fig4){ref-type="fig"}). Interestingly, the non-hydrolysable ATP-analogue, adenylyl-imidodiphosphate (AMP-PNP), and the slowly hydrolysable ATPγS, induce a similar closing behaviour in the WT Hsp90, whereas the R32A variant forms only a partially closed FRET dimer with ATPγS. At the same time, re-opening of the R32A dimer takes place faster as compared with the WT Hsp90 (Fig. [4e](#Fig4){ref-type="fig"}). Although R32A-Hsp90 does not close to the same extent as the WT Hsp90 dimer, exponential fitting of the FRET data gives a higher closure rate for R32A-Hsp90 as compared with the WT (Fig. [4f](#Fig4){ref-type="fig"}). A possible explanation for this observation is that the partially closed R32A-Hsp90 dimer is formed faster than the fully closed WT Hsp90 dimer. This hypothesis is supported by a ca. 10-fold faster re-opening of the R32A-Hsp90 dimer relative to the WT Hsp90 dimer (Fig. [4e, f](#Fig4){ref-type="fig"}). The ratio of the apparent rates (Supplementary Table [5](#MOESM1){ref-type="media"}) is consistent with a lower population of the closed conformation in R32A and thus indirectly supports a similar or even lowered intrinsic ATP-hydrolysis barrier in the R32A variant relative to WT Hsp90.

In chase experiments (Fig. [5a](#Fig5){ref-type="fig"}), where we used unlabelled yeast Hsp90 (Hsp82) to disrupt the preformed FRET dimer^[@CR6]^, the WT Hsp90 shows no subunit exchange from its closed compact conformation in the presence of AMP-PNP, in line with previous observations^[@CR6],[@CR13]^. In stark contrast, the R32A variant has a significant subunit exchange, consistent with the perturbed closing equilibrium of the mutant. These findings suggest that the closed R32A dimer is not stabilized as strongly as the closed dimer of WT Hsp90. The perturbed closing also affects the co-chaperone binding of Sba1, which is important for the fine-tuning of the chaperone cycle and stabilizes the closed conformation (Supplementary Fig. [14](#MOESM1){ref-type="media"})^[@CR32]^. To this end, Sba1 shows a lower binding affinity for the R32A variant as compared with the WT Hsp90.Fig. 5Characterization of the Hsp90 dimer by FRET and SAXS experiments.**a** Chase experiments with the closed wild type (WT, left) and R32A (right) Hsp90 dimers in the apo-form and bound to different nucleotides (ATP, AMP-PNP, ATPγS). Chase experiments were initiated by addition of unlabelled Hsp90. **b** Left: pair distance distributions (*P*(*r*)) obtained from the SAXS profiles of apo wild-type (WT) Hsp90 (purple) and bound to different nucleotides (ADP, ATP, AMP-PNP). The *P*(*r*) distribution calculated from the X-ray structure of Hsp90 in the closed conformation (PDB ID: 2CG9)^[@CR9]^ is shown for comparison (in black). Right: pair distance distributions of the R32A variant in different nucleotide states. AMP-PNP favours a compact conformation of wild-type (WT) Hsp90, whereas the R32A variant shows no major conformational rearrangements.

To obtain further structural information of the R32A variant, we performed in-line size-exclusion chromatography coupled to SAXS experiments. The analysis of the scattering profiles with the Guinier approximation and the pair-wise distance distribution functions (*P*(*r*)) shows that the apo-form of both the WT and R32A variant of the full-length Hsp90, populate an ensemble of a fully open conformation with a radius of gyration (*R*~g~) of ca. 62--66 Å (Fig. [5b](#Fig5){ref-type="fig"}, Supplementary Fig. [15](#MOESM1){ref-type="media"}, and Supplementary Tables [6](#MOESM1){ref-type="media"} and [7](#MOESM1){ref-type="media"}). Nucleotide binding to the WT enzyme induces an overall decrease in the *R*~g~ to 59.4 Å and 57.6 Å for the ADP- and ATP-bound states, respectively, leading to a more compact conformation, consistent with previous observations^[@CR33]^. However, in stark contrast to the WT enzyme, ligand binding triggers no significant structural changes in the R32A variant, suggesting that the coupling between the NTD and M-domain is drastically perturbed, thus affecting the overall conformational state of the Hsp90 dimer. The involvement of Arg-32 in the closing process is particularly pronounced upon binding of the non-hydrolysable AMP-PNP, which induces a compact Hsp90 conformation in the WT enzyme (*R*~g~ = 53.1 Å), reducing the inter-atomic distance distribution, but leaves the global conformation of R32A largely unaffected (*R*~g~ = 62.3 Å; Fig. [5b](#Fig5){ref-type="fig"} and Supplementary Tables [6](#MOESM1){ref-type="media"} and [7](#MOESM1){ref-type="media"}). These observations support the notion that the free energy from the nucleotide binding site is not effectively transduced into the conformational state in the R32A variant.

To probe the influence of the R32A substitution in vivo, we used a plasmid shuffling approach to introduce the Hsp90 variant as the sole source of Hsp90 in the yeast *Saccharomyces cerevisiae*, where Hsp90 is essential for cell survival. Interestingly, the shuffling experiments show that the R32A strain is not viable (Supplementary Fig. [16](#MOESM1){ref-type="media"}), possibly due to the impaired closing dynamics, which is crucial for the maturation and regulation of client proteins, suggesting that the R32A variant cannot fulfil its tasks in the cell. A possible explanation for this observation is that R32A does not adopt the fully closed conformation, which is necessary for the activation of client proteins^[@CR7],[@CR9]^.

As our calculations predict a lower catalytic barrier for the ATP-hydrolysis in R32A-Hsp90, we tested the interaction of R32A-Hsp90 with ATP. The R32A variant binds ATP to a similar extent as the WT Hsp90 (Supplementary Fig. [17](#MOESM1){ref-type="media"}) and is able to hydrolyse ATP, consistent with its lowered catalytic barrier (Fig. [2a](#Fig2){ref-type="fig"}), but remarkably, the ADP-release kinetics in the R32A variant (0.55 ± 0.05 min^−1^) is practically identical to that of the WT Hsp90 (0.50 ± 0.05 min^−1^) (Fig. [4g](#Fig4){ref-type="fig"}). The NM-fragment of R32A-Hsp90 does not, however, show ATPase activity, which is also lacking from the NM construct of the WT protein (Supplementary Fig. [18](#MOESM1){ref-type="media"}). Moreover, the coupling between the NTD and the M-domain in the full-length Hsp90 is indirectly supported by our experiments using the E381Q variant, which show an increased closing rate and ATPase activity relative to the WT enzyme (Supplementary Fig. [19](#MOESM1){ref-type="media"}). We speculate that the E381Q substitution could, however, also affect the conformation of R380, which has been linked to formation of the "closed 2" state^[@CR13],[@CR29]^.

Interestingly, despite the perturbed closing dynamics, we observe that the R32A variant shows similar ADP-release kinetics as the WT Hsp90. To find an explanation for the seemingly contradicting experimental results, we constructed a simplified kinetic model of the Hsp90 cycle (Supplementary Fig. [20](#MOESM1){ref-type="media"} and Supplementary Table [8](#MOESM1){ref-type="media"}). Although the intrinsic ATPase rate is expected to increase as a result of the R32A substitution, our kinetic models suggest that the overall ADP-release rate could remain unchanged if the population of the closed conformation is reduced at the same time, as also suggested by our FRET data (Fig. [4e, f](#Fig4){ref-type="fig"}). The kinetic models suggest that even a 100-fold rate increase in the catalytic step, would require only a two- to threefold reduction in formation of the fully closed conformation to account for the observed ADP-release data. In other words, although the intrinsic ATPase reaction is strongly modulated by the conformational state of Hsp90, the less efficient population of the closed conformation could account for the unchanged ADP-release rate. The R32A variant is, however, likely to undergo a more complex reaction cycle than that modelled here, but elementary rates for the transitions remain unknown. Nevertheless, taken together, our combined findings suggest that the Arg-32 site has drastic effects on both the local and global conformational dynamics of Hsp90, which in turn is directly coupled to the reaction barrier for the ATP-hydrolysis process.

Discussion {#Sec7}
==========

We have shown here that the catalysis leading to the hydrolysis of a phospho-anhydride bond within the active site of Hsp90 is modulated by both local and global conformational changes in the protein. Based on molecular simulations, we identified that Arg-32 within the active site functions as a key coupling element that mediates the communication across the different domains of Hsp90. The ATPase reaction barrier is electrostatically tuned by conformational transitions in Arg-32 and, due to microscopic reversibility, perturbation of the catalytic machinery also results in an impaired global closing behaviour that is central for the chaperone cycle. Our data indicate that the conformational switching takes place via a conserved network of ion pairs between the N- and M-domains of the enzyme involving, e.g., E381 (Supplementary Figs. [7](#MOESM1){ref-type="media"} and [19](#MOESM1){ref-type="media"}), with mechanistic similarities to, e.g., respiratory complex I, a mitochondrial redox-driven proton pump where quinone reduction triggers proton pumping, up to 200 Å from the active site, by conformational changes in a network of conserved ion pairs^[@CR34]--[@CR37]^.

It is puzzling that although the R32A variant is not viable in vivo and unable to properly form a closed compact state, the enzyme still hydrolyses ATP with an unchanged ADP-release rate. The catalytic reaction is not considered rate-limiting for the WT Hsp90 machinery, but is normally limited by the closing kinetics^[@CR6],[@CR38]^. However, our calculations showed that the ATPase reaction has a significant barrier also in the WT Hsp90, especially prior to conformational changes within Arg-32 that are captured by both our MD simulations and NMR experiments. In contrast to the WT enzyme, our R32A variant has a significantly perturbed closing equilibrium, but it is still able to hydrolyse ATP with an overall unchanged cycle turnover. These findings indicate that Arg-32 functions as a switching point, the perturbation of which decouples the catalysis from global conformational changes. To this end, our kinetic models support that the ADP-release rate could indeed remain unchanged if the closing kinetics is perturbed at the same time (Supplementary Fig. [20](#MOESM1){ref-type="media"}), as also supported by our FRET experiments (Fig. [4e, f](#Fig4){ref-type="fig"}).

The R32A variant could, however, also run another, fully decoupled cycle in parallel to the regular Hsp90 cycle, where the ATP-hydrolysis reaction is independent of the formation of a closed compact state (Fig. [6](#Fig6){ref-type="fig"}). Binding of the co-chaperone Sba1 to R32A supports that the closed conformation is populated at least to some extent in the mutant (Supplementary Fig. [14](#MOESM1){ref-type="media"}) and kinetic competition between these cycles is thus consistent with the non-viable, but catalytically active R32A variant. This suggests that R32A-Hsp90 could hydrolyse ATP in the (partly) open state, suggesting that this variant might also have an increased ATPase activity in an NM-fragment. We were, however, unable to detect ATP catalysis in the NM-fragment in either the WT or R32A variant (Supplementary Fig. [18](#MOESM1){ref-type="media"}), suggesting that the NM construct might sample different conformations than the full-length Hsp90 dimer, as dimerization initiated at the CTD is most likely required for correctly organizing the active site.Fig. 6Putative Hsp90 reaction cycle.ATP-binding to the open, catalytically inactive state, induces formation of a compact ATP-bound state (closed~1~-ATP inactive). Conformational changes (red/blue dots followed by arrow) within the NTD and M-domain lead to a catalytically active state (active) that triggers formation of a fully compact active form of Hsp90 (closed~2~-ATP active), with chaperone activity (marked with an asterisk). The hydrolysis reaction leads to splitting of the phospho-anhydride bond and formation of the closed~2~-$\documentclass[12pt]{minimal}
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                \begin{document}$${{\mathrm{ADP}} \hskip -2.5pt : \hskip -2.5pt{\mathrm{P}}_{\mathrm{i}}}$$\end{document}$ state, which further dissociates to the open state. The R32A decoupling variant lowers the barrier for switching between inactive and active catalytic states that also lowers the ATP-hydrolysis barrier, but increases the free energy of forming the compact state (red arrows). The decoupling mutant could also run an ATP-hydrolysis cycle in parallel to the regular cycle that is fully decoupled from the formation of the closed form (red arrows). The NTD is shown in blue, the middle domain in red, and the CTD in green.

In conclusion, by using an integrated computational and experimental approach, we showed here how the catalytic activity couples to conformational changes in the molecular chaperone Hsp90. We identified a central ion pair that switches between the domain harbouring the active site and the M-domain of the enzyme, mediating long-range signals across the protein framework. Conformational changes in this ion pair favour the ATP-hydrolysis reaction by electrostatic tuning. The computationally derived R32A variant was experimentally expressed and its properties were probed by NMR, SAXS, and FRET experiments. The R32A mutation impedes the formation of a compact Hsp90 dimer conformation that, in turn, is a pre-requisite for the chaperone activity. Substitution of the identified site decouples catalysis from global conformational changes, leading to a non-viable mutant that hydrolyses ATP without activating the chaperone cycle as indicated by our in vivo experiments. These results open up possibilities to unravel the exact molecular principles on how the energy from the ATPase/closed state is transduced into the chaperone activity in Hsp90. Our combined data thus highlight new features of the remarkable coupling between catalysis and biological activity in Hsp90.

Methods {#Sec8}
=======

DFT and QM/MM models of the active site in Hsp90 {#Sec9}
------------------------------------------------

Monomeric QM and QM/MM models were constructed based on the crystal structure of Hsp90 from *Danio rerio* (PDB ID: 4IVG)^[@CR39]^. The calculations were performed at the B3LYP-D3/CHARMM36 (QM/MM) and B3LYP-D3 (QM) level using def2-SVP/def2-TZVP (Mg) basis sets^[@CR40]--[@CR43]^. The QM region comprised ATP, Mg^2+^, Arg-32, Glu-33, Asn-37, Ser-99, and Arg-380, as well as six water molecules, in addition to the backbone of residues 118--124 that was included only in the QM models (see Supplementary Table [9](#MOESM1){ref-type="media"} for residue numbering in different species). Link atoms were introduced between the Cβ and Cα atoms in the QM/MM models, whereas terminal carbon atoms were kept fixed during structure optimization in the QM models. In the QM models, the protein surroundings were treated as a polarizable medium with a dielectric constant of *ε* = 4^[@CR44]^ and reaction pathways were optimized using a chain-of-state method^[@CR45]^. Vibrational and entropic contributions were estimated at the B3LYP-D3/def2-SVP/def2-TZVP (Mg)/*ε* = 4 level by calculating the Hessian numerically^[@CR46]^. The catalytic tuning effect of Arg-32 was studied by scanning the distance between the Cζ of Arg-32 and Cδ of Glu-33 (see Supplementary Fig. [4](#MOESM1){ref-type="media"}). Single-point calculations with def2-TZVP basis set were performed on the reactant, transition state, and product structures extracted from the reaction path optimizations. The QM/MM system with ca. 17,000 atoms was cut out from the full protein, using a sphere with a 30 Å radius around the ATP site, and embedded in a water sphere with 150 mM NaCl. Reaction pathways were optimized with the MM region fixed. Energy decomposition was carried out by removing individual residues from the QM/MM system during single-point calculations, without re-optimizing the protein structure. Based on the reaction profiles, 27 ps restrained QM/MM MD simulations were performed with harmonic restraints on the commonly employed reaction coordinate describing the relevant bond-formation and bond-breaking processes^[@CR27],[@CR28]^, *R* = *r*~4~ -- *r*~3~ + *r*~2~ -- *r*~1~ = \[−2.9 Å, 2.6 Å\] (see Fig. [2b](#Fig2){ref-type="fig"}), using force constants of 100 or 500 kcal mol^−1^ Å^−2^. All atoms beyond 15 Å from the QM region were kept fixed in the umbrella sampling (US) simulations. The statistical overlap of the sampled reaction coordinate is shown in Supplementary Fig. [1](#MOESM1){ref-type="media"}. Free-energy profiles were computed using the US/weighted histogram analysis method (WHAM) with a convergence criterion of 0.00001 kcal mol^−1[@CR47]^. Bootstrap error analysis was performed within WHAM with ten Monte Carlo (MC) trial steps to estimate the statistical uncertainty of the free energy. Rate constants were calculated using the Eyring equation at *T* = 310 K using a standard pre-exponential factor,$$\documentclass[12pt]{minimal}
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                \begin{document}$$k = \kappa \frac{{k_BT}}{h}e^{ - \frac{{\Delta G \ast }}{{RT}}}$$\end{document}$$where *κ* is the reflection coefficient that was set equal to 1, Δ*G*\* is the free-energy barrier, *R* is the gas constant, *k*~B~ is Boltzmann's constant, and *h* is Planck's constant. All DFT calculations were performed using TURBOMOLE^[@CR48]^, which was coupled together with CHARMM in the QM/MM models^[@CR49],[@CR50]^.

Classical MD simulations of Hsp90 {#Sec10}
---------------------------------

Classical MD simulations were performed on the full-length dimeric Hsp90 model and the R32A mutant constructed based on the dimeric crystal structure of yeast Hsp90 (PDB ID: 2CG9)^[@CR9]^. MD simulations were also carried out for the monomeric Hsp90 model with NM-domains constructed based on the X-ray structure of the dimeric NM-fragment of Hsp90 from *D. rerio* (PDB ID: 4IVG)^[@CR39]^ and NTD models of yeast Hsp90 in the apo state and with ADP or ATP (PDB ID: 1AMW)^[@CR51]^. The protein was embedded in a water-ion environment with 100--150 mM NaCl. The complete simulation setups comprised ca. 72,300 atoms (NM-model), 77,300 atoms (NTD model), and 303,000 atoms (full-length dimer). The constructs were simulated for 250--1000 ns at *T* = 310 K, using a 2 fs timestep and keeping all covalently bound hydrogens fixed. We employed the CHARMM27/36 force field^[@CR43],[@CR52]^ treating the long-range electrostatics by the Particle Mesh Ewald approach. The MD simulations were performed using NAMD^[@CR53]^ and Visual Molecular Dynamics (VMD)^[@CR54]^ was used for visualization and analysis. All Arg-32/Glu-33 distances shown in the paper are measured between the Cζ of Arg-32 and the Cδ of Glu-33. All simulations are summarized in Supplementary Table [10](#MOESM1){ref-type="media"}.

Calculation of p*K*~a~ values {#Sec11}
-----------------------------

Poisson-Boltzmann (PB) continuum electrostatic calculations with MC sampling of 2^*N*^ protonation states of the full-length Hsp90 dimer were used for the calculation of p*K*~a~ values. The Adaptive Poisson-Boltzmann Solver (APBS) was used for the PB calculations^[@CR55]^ and Karlsberg+ was employed for the MC sampling^[@CR56],[@CR57]^. The protein was described with atomic partial charges, embedded in an inhomogeneous dielectric continuum with a dielectric constant of *ε* = 4. Bulk water was approximated by a homogeneous dielectric continuum with *ε* = 80. The molecular surface routine in APBS was used to calculate the boundary interface between the protein and the solvent, using a solvent probe radius of 1.4 Å and modelling an implicit ionic strength of the solvent of 100 mM KCl. Protonation probabilities were calculated every ns along the 250 ns MD simulation of the full-length Hsp90 dimer.

Kinetic modelling {#Sec12}
-----------------

Kinetic models of a simplified chaperone cycle of the WT and R32A variant were simulated using the stochastic Gillespie algorithm in Dizzy^[@CR58]^. Kinetic parameters are given in Supplementary Table [8](#MOESM1){ref-type="media"}.

Protein purification {#Sec13}
--------------------

The R32A, E381Q, and D61C (for FRET) single point mutations were introduced by site-directed mutagenesis according to the NEBase Changer protocol in pET28 vectors (Invitrogen, Karlsruhe, Germany) containing the yeast Hsp90 (Hsp82) sequence. Hsp90-NM constructs (aa 1--529) were cloned using a pET28a-SUMO Vector containing an N‐terminal 6×His-SUMO-tag. For the NTD constructs (aa 1--210), a pETM-11 vector was used. The plasmids were transformed into the *Escherichia coli* strain BL21 (DE3) cod+ (Stratagene, La Jolla, USA). Full-length proteins (yeast Hsp90, sba1) were expressed for 4 h at 37 °C, NM constructs were expressed at 25 °C overnight. Expression was induced with 1 mM Isopropyl β-[d]{.smallcaps}-1-thiogalactopyranoside. After collection, the cells were re-suspended in Ni-NTA buffer A (50 mM NaH~2~PO~4~, 500 mM NaCl, 10 mM imidazole pH 7.5) supplemented with EDTA-free protease inhibitor \[SERVA\] and DNase1. Cells were lysed using a Cell Disruption System (Constant Systems) at 1.8 kbar. After lysate clarification, the supernatant was loaded on a 5 mL HisTrap HP column (GE Healthcare) and washed with 10 CV Ni-NTA buffer A and 10 CV 5 % Ni-NTA buffer B (50 mM NaH~2~PO~4~, 500 mM NaCl, 300 mM imidazole pH 7.5). The bound proteins were eluted with 100 % Ni-NTA buffer B. Full-length proteins were pooled, diluted to 150 mL with ResQ buffer A (40 mM HEPES, 20 mM KCl, 1 mM EDTA, 1 mM dithiothreitol (DTT) pH 7.5) and loaded onto a ResQ column. NM constructs were supplemented with His~6~-tagged SUMO-protease after Ni-NTA and dialysed against 5 L Ni-NTA buffer A ON at 4 °C. The protein solution was again loaded on a 5 mL HisTrap HP column and the flowthrough was collected. As a final step, proteins were loaded on a Superdex 16/60 75 pg SEC column (GE Healthcare) and eluted with SEC buffer (40 mM HEPES, 150 mM KCl, 5 mM MgCl~2~ pH 7.5). For the NMR samples (NTD constructs), cells were grown in M9 minimal media supplemented with ^15^NH~4~Cl and ^13^C~6~-glucose (Aldrich, Germany), with protein expression and purification conducted following the procedure for the NM constructs. Instead of SUMO-protease, TEV-protease was used. Buffers used were buffer A (50 mM Tris-HCl pH 8, 150 mM NaCl, 5 mM imidazole and 0.02 % NaN~3~), buffer B (50 mM Tris-HCl pH 8, 150 mM NaCl, 500 mM imidazole and 0.02 % NaN~3~), and dialysis buffer (20 mM Tris-HCl pH 8, 300 mM NaCl, 2 mM DTT). For SEC, NMR buffer (see "NMR experiments") was used. The primer sequences are listed in Supplementary Table [11](#MOESM1){ref-type="media"}.

ADP-release assays {#Sec14}
------------------

The ATPase activity was measured spectrophotometrically by following the ADP-release reaction using an enzymatic ATP regenerating system^[@CR59]^. Full-length (3 μM) yeast Hsp90 (Hsp82) and 10 μM of the NM constructs were used in 40 mM HEPES (pH 7.5), 150 mM KCl, 5 mM MgCl~2~. Measurements were performed in a Cary 100 UV-Vis photometer (Varian, Inc.) at 30 °C. The reaction was initiated by the addition of 2 mM (full-length Hsp90) and 4 mM (Hsp90-NM) ATP. For the determination of *K*~M~-values (ATP-binding), different concentrations of ATP from 0.1 mM to 5 mM were used. To subtract the background activity, 50 μM radicicol were added at the end of the measurement. The data were analysed by linear regression using Origin 8.0. ADP-release kinetics were determined using the following equation, where *m* is the slope, *ε*~NADH~ is the extinction coefficient of NADH, and *c*~Hsp90~ is the yeast Hsp90 (Hsp82) concentration:$$\documentclass[12pt]{minimal}
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FRET experiments {#Sec15}
----------------

FRET experiments were conducted following the protocol of Hessling et al.^[@CR6]^. Atto488 (donor) and Atto550 (acceptor) (ATTO-TEC GmbH) labelled yeast Hsp90-D61C (200 nM) was used. Measurements were performed in 40 mM HEPES (pH 7.5), 150 mM KCl, 5 mM MgCl~2,~ 2 mM DTT in a Fluoromax 4 fluorescence spectrophotometer (Horiba Jobin Yvon) at 30 °C. Closing of Hsp90 was induced by addition of 2 mM AMP-PNP or 2 mM ATPγS. Chase experiments were performed with a tenfold excess (4 µM) of unlabelled WT yeast Hsp90 (Hsp82) to disrupt the FRET complex. Samples were incubated for 60 min at 30 °C prior to the addition of the unlabelled species. For determination of re-opening rates, closing was induced with 2 mM ATPγS. After the equilibrium was reached, a tenfold excess (20 mM) of ATP was added, to induce re-opening of the Hsp82 dimer. The data were analysed with Origin 8.0 and fitted using a mono-exponential equation:$$\documentclass[12pt]{minimal}
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Yeast viability assay of Hsp82 variants {#Sec16}
---------------------------------------

Plasmid shuffling experiments were conducted following the protocol of Nathan et al.^[@CR60]^, using the ∆PCLDα *S. cerevisiae* strain from S. Lindquist's laboratory deficient in genomic Hsp82 and Hsc82 containing a plasmid coding for WT Hsp82. The pKAT6 plasmid is constitutively expressed under the control of the glycerinaldehyde-3-phosphate dehydrogenase gene promotor (GPD promotor) and carries a URA selection marker for the selection of cells that have lost the WT Hsp82 plasmid in the medium supplemented with 5-Fluoroorotic Acid (5-FOA) (Thermo Fisher Scientific). The cells were transformed with either the empty vector p413 (negative control), the p413 vector, coding for the WT Hsp82 (positive control), and the p413 vector, coding for the Hsp82 R32A variant. Hsp82 is essential for yeast survival and the loss of the pKAT6 plasmid, due to 5-FOA-induced selection, inhibits yeast growth. Transformation of p413 vectors containing Hsp82 variants might restore yeast growth, depending on the characteristics of the Hsp82 variants.

Fluorescence anisotropy {#Sec17}
-----------------------

Fluorescence anisotropy experiments were used to probe the binding of sba1 to WT yeast Hsp90 and the R32A variant. Measurements were conducted in a JASCO-8500 fluorescence spectrophotometer with polarisers (Jasco, Groß-Umstadt, Germany) at 30 °C in 40 mM HEPES (pH 7.5), 150 mM KCl, 5 mM MgCl~2~, containing 2 mM AMP-PNP. Excitation and emission wavelengths were set to 490 and 530 nm, respectively, using 200 nM of Atto488-labelled sba1 and 500 nM Hsp90. After pre-incubation of Hsp90 with labelled sba1, unlabelled sba1 was added in varying concentrations to compete out the preformed labelled sba1--Hsp90 complex. The *K*~D~-value was determined by fitting the anisotropy signal, *r*, to the sba1 concentration, *c*~sba1~,$$\documentclass[12pt]{minimal}
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SAXS experiments {#Sec18}
----------------

SAXS data were collected at beamline BM29 at the European Synchrotron Radiation Facility (Grenoble, France). Fifty microlitres of sample in 25 mM Hepes pH 7.5, 150 mM KCl, 5 mM MgCl~2~, 1 mM TCEP, 0.02 % NaN~3~ was injected to a Superdex 200 5/100 GL column (GE Healthcare) connected online to the SAXS capillary. One SAXS frame per second was recorded at a flow rate of 0.15 ml min^−1^. Nucleotide-bound forms were prepared by adding the compounds at a final concentration of 2.5 mM followed by incubation at room temperature. Due to the fast *k*~off~ of the nucleotides, the buffers employed in the chromatographic runs contained 2.5 mM ADP, 2.5 mM ATP, and 1 mM AMP-PNP. SEC-SAXS chromatograms were analysed using the Chromixs software^[@CR61]^. Briefly, \>100 buffer frames with constant average intensity were selected. Sample frames were selected from the chromatogram based on (1) chromatographic peak shape and (2) constant *R*~g~ across the selected region. The subtracted averaged scattering profiles were analysed using the Primus software package^[@CR62]^ to extract the *R*~g~ values and the *P*(*r*) distributions were obtained using the Gnom programme^[@CR63]^. Theoretical scattering profiles were computed from X-ray coordinates using Crysol^[@CR64]^.

NMR experiments {#Sec19}
---------------

NMR spectra were recorded using Bruker 500, 600, and 950 MHz spectrometer (Bruker, Billerica, USA) at 25 °C, using an NMR buffer with 20 mM sodium phosphate, 100 mM NaCl, 5 mM MgCl~2~, 5% D~2~O, and 0.2% NaN~3~ pH 6.5, and a protein concentration between 500 and 600 μM. ADP was added at a final concentration of 5 mM, whereas ATP was added at 2.5 mM together with an ATP regenerating system^[@CR65]^. These saturating conditions were used to avoid interference of different nucleotide affinities in the WT and mutant constructs. Chemical shift assignments were based on previous work for the Hsp90-NTD^[@CR33],[@CR66]^ and were extended for the R32A mutant and the nucleotide-bound forms using a combination of triple-resonance HNCA, HNCOCA, and HNCACB experiments using non-uniform sampling^[@CR67]^. Spectra were processed using NMRPipe^[@CR68]^ and analysed using the CCPnmr software^[@CR69]^. CSPs were calculated for backbone amide peaks of 2D ^1^H,^15^N-HSQC correlation experiments using the equation,$$\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \delta _{\mathrm{{N,H}}}\left( {\mathrm{{ppm}}} \right) = \sqrt {\Delta \delta _{\mathrm{{H}}}^2 + \left( {\alpha \cdot \Delta \delta _{\mathrm{{N}}}} \right)^2}$$\end{document}$$where *α* is a scaling factor, calculated from the ratio between the ^1^H and ^15^N chemical shift ranges (*α* = 0.1689). To observe the arginine guanidine sidechain NMR signals in ^1^H-^15^N-HSQC spectra, the ^15^N carrier frequency was centred at 105 p.p.m. with a spectral width set to 70 p.p.m. {^1^H}-^15^N steady-state heteronuclear NOE experiments were performed using modified sequences described by Farrow et al.^[@CR30]^ by collecting two datasets, with and without ^1^H saturation, respectively. Heteronuclear NOE values were obtained from the intensity ratio of R32 Hε--Nε peaks between the saturated and unsaturated spectra, and errors were estimated from spectral baseplane noise root-mean-square deviation (RMSD) as described by Farrow et al.^[@CR30]^. ^15^N-edited NOESY experiments were performed using standard sequences with a mixing time of 120 ms^[@CR70]^. The NMR assignments of the NTD of the R32A variant have been deposited in the BMRB under the accession number 27858.

Reporting summary {#Sec20}
-----------------

Further information on research design is available in the [Nature Research Reporting Summary](#MOESM2){ref-type="media"} linked to this article.
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